Abstract. Nonlinear magnetohydrodynamic computation is applied to study magnetic topology evolution for current-driven discharges in the Compact Toroidal Hybrid (CTH). In these simulations, Ohmic currents are driven with a constant applied loop voltage in zero beta plasmas. These driven currents initially are aligned with the vacuum flux surfaces. The rotational transform increases with rising plasma current, exhibiting a broad profile during the current rise. Island structures appear as low-order rational surfaces come into resonance. Because CTH is a five field period device, island structures have a toroidal periodicity of n = 5. There is special significance when the rotational transform exceeds 1/2. At this point m/n = 10/5 island chains appear that subsequently evolve to m/n = 2/1 islands through a coalescence process. With more driven current, a region of magnetic stochasticity grows that ultimately destroys flux surfaces.
Introduction
Stellarators are generally robust to current-driven instabilities as a toroidal plasma current is not required for confinement. The confining magnetic field is provided by coils external to the plasma. Consequently, the absence of plasma current in stellarators eliminates current-driven major disruptions [1] . Conversely, tokamaks, whose confining magnetic field is provided by driven current, are prone to current-driven instabilities [2] . Hybrid configurations utilize a combination of external coils and driven currents to provide the required confining magnetic field. A natural question to ask is whether the finite vacuum rotational transform generated by the external coils can be used to mitigate or even eliminate current driven disruptions in hybrid configurations [3, 4] .
The Compact Toroidal Hybrid (CTH) is a low aspect ratio torsatron that provides the confining magnetic field through a combination of both external coils and driven plasma current [5] . It provides a laboratory in which to investigate the MHD equilibria and stability of compact stellarator plasmas with net current. In the following, nonlinear magnetohydrodynamic computations of Ohmically driven CTH discharges are reported.
These simulations are able to describe the development of current-driven instability, magnetic island formation, and magnetic surface destruction.
Observing the evolution of current-driven instabilities within the confining magnetic field of a stellarator may provide insights into how higher beta values may be achieved, how tokamak density limits may be increased, and how the effects of current-driven instabilities in tokamaks can be mitigated in general [6] . Indeed, early hybrid stellarator experiments have found evidence of a minimum vacuum rotational transform that was required to avoid current-driven disruptions [3, 4] . However, in the Wendelstein 7-AS device, a rapidly driven ohmic current was observed to trigger a disruption as the edge rotational transform reached ι(a) = 1/2 or 2/3 [7] . One feature of the design of the National Compact Stellarator Experiment was to allow for control of the rotational transform at the edge to avoid unstable resonances at ι = 1/2 during the discharge evolution, thereby avoiding growing tearing modes and possible disruption as observed in the hybrid operation of W7-AS [8] .
In axisymmetric configurations, MHD equilibrium is rigorously described by GradShafranov theory. Stability of these equilibria to symmetry-breaking modes can be tested with linear analysis. In three-dimensional configurations, there is no general prescription for establishing equilibria akin to Grad-Shafranov theory. Many 3D equilibrium tools assume the existence of topologically toroidal magnetic surfaces [9, 10, 11, 12, 13, 14, 15] .
However, there is no guarantee that solutions without magnetic islands or regions of magnetic stochasticity exist. Three-dimensional MHD equilibrium modeling and reconstruction tools that allow for these topological features have been developed or are under development [16, 17, 18, 19, 20] . However, there is no general agreement on the proper algorithm for constraining profiles for general magnetic topology [21] .
The notions of equilibrium and nonlinear resistive stability become intertwined when islands are present in 3D configurations. Analytic theories of island formation in 3D equilibrium often employ 'stability' criterion in describing finite beta plasma response effects on magnetic islands [22, 23, 24] . In fact, the standard description of slowly growing nonlinear tearing modes is based on the quasi-static evolution of a helically perturbed 3D equilibrium [25] . Transport and time-dependent effects such as instability growth are equally relevant to the evolution of the plasma in a device such as CTH. Here, the use of extended MHD initial value calculations naturally lends itself to describing the nonlinear MHD dynamics of discharges in hybrid configurations, with relaxation being well-defined by temporal evolution.
In this paper, we present time-dependent 3D MHD computations of hybrid CTH discharges using the NIMROD code [26] . These simulations are initialized with vacuum flux surfaces, based on experimental CTH discharges. Electric field boundary conditions are applied to simulate a loop voltage which induces plasma current. As an initial investigation of current-driven dynamics in CTH, the present simulations are performed in the limit of zero beta; therefore no pressure effects are included. These simulations clearly show deformation of flux surfaces as current is driven, along with island formation, instability growth, and magnetic surface destruction at sufficiently large loop voltage. This paper is organized as follows. In Section (2), a description of CTH is given and modeling of the vacuum magnetic field in NIMROD is described. Next, in Section (3), results are presented for cases where a constant loop-voltage is specified for this zero beta configuration. We make a brief comparison of selected simulation results with data from the experiment in Section (4). In Section (5), we discuss these results.
Modeling of the CTH vacuum magnetic field
CTH is a five-field-period low aspect-ratio torsatron. The vacuum vessel itself is an axisymmetric torus with major radius R 0 = 0.75 m and minor radius a = 0.30 m. Note that while the vessel is axisymmetric, the vacuum magnetic field is not. In its standard configuration, the vacuum magnetic field of CTH produces a rotational transform profile that is relatively flat [ ι(0) ≈ 0.12, ι(a) ≈ 0.15]. The loop voltage in CTH is applied with an Ohmic transformer driven by a capacitor bank. The driven plasma current can increase the rotational transform to ι(a) > 0.5.
Since the CTH vessel is axisymmetric, NIMROD can be used to model this configuration. NIMROD treats all 3D fields as a perturbation to an axisymmetric configuration, without approximation based on amplitude. The non-axisymmetric part of the CTH vacuum magnetic field is loaded into NIMROD as an externally prescribed perturbation. The magnetic field data are produced from a filamentary Biot-Savart code using currents that are prescribed in the experiment's external coils [27] . To obtain the initial conditions for the simulation, the magnetic field data at the vessel surface are The vacuum magnetic field is dominated by the n = 5 component and its higher harmonics, as shown in figure 3 . Here, n (m) refers to the toroidal (poloidal) number of the Fourier components of the magnetic field energy density,
where θ is the geometric poloidal angle and ζ is the toroidal angle. The energy of the 
Driving current with an applied loop voltage
The helical vacuum magnetic field is prescribed as an initial condition for time-dependent NIMROD simulations using the resistive MHD equations. In the present simulations, The n = 5 periodicity clearly dominates the spectrum. Ohmic current is driven by applying a toroidal electric field at the surface of the domain.
The evolution of the magnetic flux surfaces as the driven current penetrates toward the magnetic axis is determined by the time-dependent modeling, and the effect of the driven current on the rotational transform is predicted.
The set of equations used to simulate the evolution of the CTH plasmas is given by:
where the last term in (2) controls the ∇ · B cleaning in NIMROD's numerical scheme [26] . In the zero beta model, only two physical dimensionless parameters must be specified, the Lundquist number and the magnetic Prandtl number. The Lundquist number is defined as To investigate the effect of dissipation in the system, some simulations are run with very large kinematic viscosity such that the magnetic Prandtl number is P r m = 100 throughout the core region.
In the present set of simulations, Ohmic current drive is applied to the initial vacuum magnetic field configuration shown in figure toroidal Fourier components.
Case 1: Loop voltage = 1 V
In the first simulation, a constant loop voltage of 1 V is applied at the edge of the plasma starting at t = 0. The initial response to the applied voltage is current driven on the outer flux surfaces. As time progresses current penetrates toward the core; however the current profile remains somewhat hollow, as shown in figure 4. Shown in figure 5 is a 2D contour plot of the relatively flat current profile at t = 76 ms. The present simulations do not employ a temperature-dependent resistivity. Additionally, self-consistent Ohmic heating is not used in these simulations. As a result, for these simulations we do not expect to observe a peaked current profile. Total current reaches a maximum of 22 kA for this simulated discharge, as shown in figure 6 . 
Case 2: Loop voltage = 4 V
A higher loop voltage of 4 V is applied in the next simulation. As in Case 1, the initial driven current is peaked on the outer flux surfaces. Over time, the current penetrates toward the core, but the profile again remains somewhat hollow, as shown in figure 9 . The total current for this case reaches about 60 kA, as shown in figure 10 . radii. Where the rotational transform assumes the value of a low order rational number, island formation is observed. This island formation generally occurs away from the magnetic axis, since the current, which provides the free energy for instability growth, has a hollow profile and is thus concentrated away from the core.
The n=5 periodicity of the CTH configuration strongly influences which island structures appear in this simulation. As the rotational transform increases with the net current, islands often appear where the transform takes on values of low-order rational numbers that can be expressed with a numerator of five. For example, a m = 12, n = 5 island structure corresponding to ι = 5/12 is prominent at t = 8.30 ms, as shown in figure 11 . Even with much of the rotational transform provided by the plasma current, the magnetic energy spectrum is dominated by the imposed n = 5 component and its harmonics, as shown in figure 12 . The m = 12, n = 5 island chain disappears as the rotational transform is raised above the resonant value by the increasing current.
During the current rise, one might expect a m = 15, n = 5 island to form at the ι = 1/3 surface. While this is indeed observed, the island chain is very narrow. As seen in figure 13 , the ι = 1/3 surface only remains in the plasma during the early part of the discharge, and the corresponding island structure vanishes rather quickly and leaves behind topologically well-formed flux surfaces when the ι = 1/3 surface leaves the plasma. With a further increase in driven current, the rotational transform is seen to increase and then flatten at ι = 0.5 at t = 10.80 ms, as shown in figure 13 . From figure 14 , we observe that a m = 10, n = 5 island structure appears at that time. As more current is driven, this island structure does not disappear, but persists and evolves through the The evolution of magnetic topology merits further discussion. As noted previously, when the rotational transform reaches ι = 0.5, a m = 10, n = 5 island structure develops in the simulated magnetic field structure. The rotational transform profile is non-monotonic because of the hollow current profile. The maximum value of the rotational transform at an off-axis radius is ι max 0.5; the m = 10, n = 5 structure is in fact a double tearing mode [28, 29] . As shown in figure 14 , two m = 10, n = 5 island structures form very close to each other. At later times, when current has penetrated further into the core and the rotational transform is further raised, the ι = 0.5 rational surfaces move radially farther apart. Interaction between the two magnetic island chains of this double tearing mode is not observed [30] . Instead, the region between the ι = 0.5 surfaces becomes stochastic as more current is driven, as shown in figure 16 . The increased stochasticity is most likely caused by 3D modes of incommensurate helicity rather than island overlapping or coalescence of the two m/n = 10/5 island chains [31] .
Although there does not appear to be coalescence of the two double tearing resonances, the outer m = 10, n = 5 island structure does eventually evolve to a m = 2, n = 1 island structure as shown in figure 15 . The preceding evolution of the island structure is shown in figures 17 and 18. The m = 10, n = 5 islands first coalesce into a m = 4, n = 2 structure. Shortly thereafter, this structure further evolves into the final m = 2, n = 1 structure shown in figure 15 . Rather than reaching this final structure through coalescence, the upper and lower islands of the m = 4 structure deteriorate into stochastic fields, leaving the m = 2, n = 1 structure. other island chains. The applied loop voltage continues to drive current and these m = 10, n = 5 surfaces retain their structure, but move away from each other radially as shown in figure 20 . As even more current is driven, the m = 10, n = 5 island structures continue to retain their integrity as they separate radially. The inner surface becomes narrower as it moves toward the core, eventually vanishing and leaving behind well defined topologically toroidal flux surfaces. The outer m = 10, n = 5 island chain moves toward the edge and eventually disappears as the entire rotational transform profile rises above 0.5.
Loop voltage = 4 V with increased magnetic Prandtl number
Current continues to increase with the sustained applied loop voltage, however very little stochasticity is observed until the rotational transform reaches a value of ι = 5/7.
A double tearing layer develops at this surface. As with the m = 10 islands, the rational surfaces become radially separated with increasing plasma current. In this case however, the outer layer becomes enveloped in a stochastic region as shown in figure 21 . Island coalescence is not observed. With higher current, this stochastic region grows to cover the entire plasma and the simulation becomes under-resolved and is not able to capture the very high-n activity. Since the current drive is significantly larger in this case, more flux surface destruction is observed and the time-scale for island growth is shorter. That is, the high current drive causes island chains to form (and grow larger more quickly) at rational surfaces where no islands (or only small islands) previously formed when the current drive was low. Therefore, in this high current drive case, more island chains translate to more possibilities for overlap and severe flux surface destruction. For example, figure   23 shows many island chains adjacent to one another at about 1.78 ms. A short time later, at about 1.86 ms, these island chains have overlapped and mixed, destroying flux surfaces as shown in figure 24 . Shortly thereafter, extensive flux surface destruction is observed as a m = 2, n = 1 island appears to persist. Finally, all flux surfaces are destroyed, resulting in complete stochasticity. 
Comparison with Experimental Discharges
The computations described here have parameters that are similar to the discharges produced in CTH. There are two key differences between the simulation and experiment.
First, in the experiment, the actual loop voltage at the plasma boundary cannot be maintained constant in time, but drops over most of the duration of the shot. Secondly, the experimental resistivity also varies spatially and temporally during the discharge. It is interesting to compare a specific episode of current relaxation of the experiment to the simulation results. At about 8 ms into the discharge in the experiment, at t = 1.628 ms, a current relaxation occurs when the total current is about I p = 40 kA.
Coincidentally, the simulations for the 4 V, P r M = 1 case, discussed in Section 3.2,
show a temporal flattening at about this same value of current, at 13 ms into the computation. As shown in figure 26 , in both the simulation and the experiment, this temporal flattening of the current profile evolution occurs when the ι = 1/2 surface enters the plasma. In CTH, some m = 2 activity between sharp current relaxations can be distinguished on Mirnov loop arrays. As shown in Section 3.2, the simulations indicate that an m/n = 2/1 island structure occurs due to a coalescence of m/n = 10/5
islands that initially enter the plasma as the rotational transform exceeds 1/2. Doubletearing, producing an m/n = 2/1 island structure directly, as in the current-rise phase of tokamak discharges [33] is another possible source for the Mirnov signals, but our modeling finds n=5 activity to be dominant.
Discussion
Our numerical study of CTH is the first to consider current-driven resistive instabilities in a stellarator plasma starting from a 3D vacuum state. The results show that Our approach to studying MHD activity in CTH is in contrast to methods typically applied for analyzing tokamak MHD. With axisymmetry being part of the original tokamak concept, it is often sensible to start from Grad-Shafranov theory.
Linear analysis with MHD or other models determines whether symmetry-breaking perturbations lead to states of lower potential energy. Analyses such as Rutherfordtype island evolution, as well as many nonlinear computations, consider the nonlinear evolution of asymmetric perturbations to symmetric equilibria under the assumption that magnetic topology changes over time-scales that are short relative to transport times. One exception is a study of pressure-driven disruption where modeled heating drives the configuration from a marginally stable state [34] . Even in this application, where transient effects are important, small symmetry-breaking perturbations are imposed as part of the initial conditions. Of course, real tokamak devices are not perfectly symmetric as finite levels of error fields and ripple fields are always present.
Combining transport with magnetic topology evolution, as described for CTH in this paper, may similarly reveal important aspects of transients and MHD activity in tokamak discharges.
In these numerical simulations of current-driven CTH plasmas, the coalescence of the m = 10, n = 5 island chain into a m = 2, n = 1 island structure is a prominent feature. Although symmetry-breaking harmonics in the vacuum magnetic field are finite as shown in figure 3 , these harmonics do not appear to cause significant magnetic island formation as current is driven. Other n = 5 harmonics should also be susceptible to the surfaces are within the plasma when the current is relatively small. Hence, the current source for instability is insufficient to drive island growth and subsequent coalescence.
Another potentially important factor preventing island growth is the shaping of the plasma. The flux surfaces have significant shaping at the beginning of the simulated discharges. See, for example, the elongated shape of the flux surfaces in the left half of figure 7. As time progresses and more current flows, the vertical elongation of the plasma is reduced and shaping effects are gradually lost.
Another factor that determines which island structures go on to destroy flux surfaces is related to the amount of viscous dissipation in the system. Studies of linear MHD stability in axisymmetric configurations indicate that viscous dissipation affects the threshold of some MHD instabilities and may influence the growth rate of all of them [35, 36] . In the low dissipation case discussed in Section 3.2 (P r M = 1), the m = 10, n = 5 island chain is observed to coalesce into a m = 4, n = 2 structure, then it further evolves into a m = 2, n = 1 island structure. However, for the P r M = 100 case described in Section 3.2.1, the m = 10, n = 5 island chain forms, but retains its integrity until its resonant surface disappears from the plasma. As shown in figure 20 , well-formed closed flux surfaces exist over much of the plasma while the m = 10, n = 5 double tearing layer exists benignly. The additional dissipation present in the P r M = 100 case damps high-n MHD fluctuations which would nonlinearly interact with and cause destruction of the surfaces near ι = 1/2. At higher plasma current, another double tearing-induced island chain forms resulting in a m = 7, n = 5 island structure. At this higher level of driven current and a less shaped plasma column, the outer island structure breaks up and disappears into a stochastic region. Free energy available from this high level of current drive results in high-n MHD activity which finally overcomes the additional damping, destroying flux surfaces throughout the plasma.
Further steps beyond this initial exploration of stability and evolution of the equilibrium in CTH include finite beta effects, temperature-dependent resistivity, selfconsistent Ohmic heating including anisotropic thermal conduction, and the application of time-dependent loop voltages consistent with experimental values. These additions may result in peaked temperature profiles for some cases, although we expect hollow current profiles to remain part of the transient response. Using a time-dependent code with self-consistently determined field quantities will allow computation of anisotropic heat flow as profiles evolve through inductive processes.
